Abstract Gene targeting provides a powerful tool to modify endogenous loci to contain specific mutations, insertions and deletions. Precise allele replacement, with no other chromosomal changes (e.g., insertion of selectable markers or heterologous promoters), maintains physiologically relevant context. Established methods for precise allele replacement in fission yeast employ two successive rounds of transformation and homologous recombination and require genotyping at each step. The relative efficiency of homologous recombination is low and a high rate of false positives during the second round of gene targeting further complicates matters. We report that pop-in, pop-out allele replacement circumvents these problems. We present data for 39 different allele replacements, involving simple and complex modifications at seven different target loci, that illustrate the power and utility of the approach. We also developed and validated a rapid, efficient process for precise allele replacement that requires only one round each of transformation and genotyping. We show that this process can be applied in population scale to an individual target locus, without genotyping, to identify clones with an altered phenotype (targeted forward genetics). It is therefore suitable for saturating, in situ, locus-specific mutation screens (e.g., of essential or non-essential genes and regulatory DNA elements) within normal chromosomal context.
Introduction
Gene targeting by homologous recombination allows scientists to modify chromosomal DNA sequences to engineer deletions, insertions and point mutations. Such reverse genetics provides powerful tools to dissect the structure and function of regulatory DNA elements, RNAs and proteins. The optimal approach involves precise allele replacement, with no other chromosomal changes (e.g., insertion of selectable markers or heterologous promoters), to maintain physiologically relevant context. Unfortunately, in most organisms precise allele replacement is difficult to achieve. We therefore developed a rapid, efficient process for precise allele replacement in fission yeast that can be used for reverse genetics and-remarkablyalso for targeted forward genetics (saturating mutagenesis of discrete chromosomal elements in situ).
A widely used approach for precise allele replacement in fission yeast employs two sequential rounds of gene targeting [for recent examples, see (Ahmed et al. 2010; Ivey et al. 2010; Singh et al. 2010; Steiner et al. 2011; Mudge et al. 2012) ]. This approach takes advantage of the fact that one can select positively or negatively for the ura4 ? gene, which encodes orotidine-5 0 -phosphate decarboxylase (Bach 1987) . In the first round of gene targeting, a linear DNA fragment harboring a ura4
? cassette and, flanking each side of ura4
? , regions of homology to the target locus is transformed into cells with a deletion at the endogenous ura4 locus (ura4-D18) . Stable, uracil phototrophic (Ura ? ) transformants can arise by homologous recombination with the target locus (desired outcome) or by non-homologous integration of the ura4
? cassette elsewhere in the genome Grallert et al. 1993; Tatebayashi et al. 1994; Davidson et al. 2004) . Once ura4
? has been used to ''mark'' the target locus of interest, a second DNA fragment harboring the desired allelic changes (e.g., base pair substitutions) is transformed into the cells. Recombination with the chromosomal target simultaneously replaces the target allele and ejects the ura4 ? cassette. Cells that have lost ura4 ? can be selected for on media containing the pyrimidine analog 5-fluoroorotic acid (FOA), which kills cells that are ura4
? . Although this approach is used widely, it has two shortcomings. First, it requires two sequential rounds of gene targeting, which is inefficient in fission yeast due to a relatively high ratio of non-homologous to homologous integration events (Tatebayashi et al. 1994; Krawchuk and Wahls 1999; Davidson et al. 2004) . Second, selection for recombinants in the second round of gene targeting is confounded further by FOA r colonies that arise from spontaneous mutations (in ura4 ? or ura5 ? ) whose frequency can be 60-fold higher than that of homologous targeting (Mudge et al. 2012) . We describe how pop-in, pop-out allele replacement, originally developed for budding yeast [e.g., (Barton et al. 1990 )], circumvents these problems. We show that this approach is more efficient and precise (hence, less expensive) than two-step methods applied routinely for fission yeast and that it can be used to engineer a wide variety of genomic modifications, such as untagged (clean) deletions, insertions encoding in-frame epitope fusions, and mutations that substitute specific amino acids in expressed proteins. We also developed and validated a streamlined approach for rapid and precise allele replacement that requires only one round each of transformation and genotyping (Fig. 1 ). This approach is suitable for additional applications, such as saturating mutation screens of essential and non-essential genes in situ.
Materials and methods

Yeast and molecular biology
Culture media, culture conditions and genotyping were as described previously (Gutz et al. 1974; Forsburg and Rhind 2006; Gao et al. 2008; Kan et al. 2011) . Standard recombinant DNA methods were used to construct gene targeting vectors, which are described in ''Results'' and are available upon request. Methods for site-directed mutagenesis by inverse PCR and by recombinant PCR were as described (Krawchuk and Wahls 1999; Geiser et al. 2001; Sharif et al. 2002; Heckman and Pease 2007; Bryksin and Matsumura 2010; Kan et al. 2011) . In some cases, we used the QuikChange site-directed mutagenesis kit from Stratagene or the GeneTailor kit from Invitrogen.
Pop-in homologous recombination
Cells containing a 1.8-kbp deletion of the ura4 locus (ura4-D18) were transformed with 1-5 lg of linearized gene targeting vectors (ura4 ? ) using lithium acetate protocols (Ito et al. 1983; Sabatinos and Forsburg 2010) . Serial dilutions of transformed cells were plated on minimal nitrogen base agar (NBA; 0.67 % yeast nitrogen base, 1 % glucose, 2 % agar) without uracil (supplemented as required with other growth factors) and were incubated at 32°C for 4-5 days to select for Ura ? colonies. The Ura ? colonies were streaked or patched at least one additional time on NBA to ensure the fidelity of selection. Clones were then genotyped by restriction fragment length polymorphism (RFLP) and DNA sequence analyses of PCR products as described in the text.
Pop-out homologous recombination
Cells containing a ura4 ? cassette, flanked by wild-type and modified alleles of the tandem target locus, were plated on NBA lacking uracil (supplemented as required with other growth factors) and were incubated at 32°C for 3 days to form Ura ? (FOA s ) colonies. Single colonies were each inoculated into 10 ml of YEL and incubated at 32°C for 16-20 h (to a final OD 595 of 2-4). Aliquots containing Fig. 1 Streamlined approach for rapid and precise allele replacement. This overview of methodology and work flow also illustrates key advantages of the system: the process requires only one round each of transformation and genotyping. The streamlined approach has been validated using multiple different gene targeting vectors (nine successes and zero failures) with an observed allele replacement efficiency range of 24-58 % about 25,000, 75,000 and 150,000 cells were plated on YEA containing 1 mg/ml of FOA and were incubated for 3 days at 32°C to select for cells in which the ura4 ? gene had been lost (pop-out) or inactivated (mutations). The FOA r (Ura -) colonies were streaked or patched at least one additional time on FOA-containing YEA to ensure the fidelity of selection. Clones were then genotyped by RFLP and DNA sequence analyses of PCR products as described in the text.
Results
We describe sequentially the rationale and approach for steps of pop-in, pop-out allele replacement mediated by homologous recombination. The key findings include development of a streamlined approach ( Fig. 1) with multiple applications for reverse and forward genetics (described subsequently).
Construction of gene targeting vectors
The gene targeting vector contains one region that shares no significant homology to DNA sequences in the fission yeast genome (denoted by light lines in Figs. 2, 3) and one region that shares DNA sequence homology to the endogenous location that is targeted for modification (bold lines in Figs. 2, 3 ). There is flexibility in the design of the targeting vector with regard to functional elements and their relative positions.
The nonhomologous portion of each targeting vector contains an E. coli origin of replication and dominant selectable marker to support propagation in E. coli, plus the fission yeast gene ura4
? . The ura4 ? marker is portrayed to be in the nonhomologous portion of the targeting vector because the cells to be targeted for modification contain a deletion of the endogenous ura4 locus (ura4-D18). Any ura4
? -containing plasmid can be used, provided that it lacks a fission yeast origin of replication (ARS). ? gene and target DNA with desired changes (e.g., yfg1-M), but lacks an ARS (origin of replication). The target genome lacks the ura4 gene (ura4-D18). A restriction endonuclease is used to cut the vector within the region of homology (DSB) to promote homologous recombination (9) with the endogenous target. For efficient allele replacement, subregions of homology (a, b and c) should each be at least 250 bp in length. b Stable Ura ? transformants arise by homologous recombination with the target to produce tandem copies, one wild-type and one modified, or by nonhomologous integration elsewhere (not shown). c, d Homologous recombination (9) between tandem repeats excises the plasmid from the genome. Because the plasmid lacks an ARS, it cannot replicate and is lost during cell divisions. Removal of selection for uracil prototrophy allows pop-out cells to survive, and subsequent plating on media with FOA selects for cells that have lost the plasmid. Plasmid excision/loss from recombination to one side of the modification leaves that modification in the genome (c), whereas excision from recombination to the other side leaves the wild-type allele in the genome (d) Curr Genet (2014) 60:109-119 111 The other portion of each targeting vector contains a modified DNA segment that is homologous to the endogenous DNA that is to be replaced (Fig. 2a) . Non-replicating DNA transformed into fission yeast can integrate by nonhomologous recombination, as well as by homologous recombination (desired outcome) Grallert et al. 1993; Davidson et al. 2004 ). In one study of 24 gene targeting constructs, 80 bp of homology flanking each side of the selectable marker produced an average targeting efficiency of 4 % (96 % non-homologous, offtarget integrations), whereas constructs with at least 250 bp on each side yielded an average targeting efficiency of 58 % (Krawchuk and Wahls 1999) . During pop-in, pop-out allele replacement, the homologous recombination events can occur within one of the three different subregions of homology (a-c in Fig. 2a) , relative to the positions of the modification and a dsDNA break (DSB) used to promote recombination during pop-in. Correspondingly, to maximize efficient allele replacement, these three subregions of homology should each be at least 250 bp in length. Longer stretches of homology (recommended) might improve efficiency and shorter lengths can work, at reduced efficiency, but carry additional risks associated with the initiation and resolution of recombination events (examples provided below).
For the sake of illustration, our diagrams (Figs. 2, 3 ) portray the open reading frame of ''your favorite gene 1'' (yfg1). However, precise allele replacement is applicable to other chromosomal features, such as loci that express noncoding RNAs or regulatory elements outside of coding regions. Data illustrating this flexibility of target choice and frequencies of pop-in, pop-out recombination events are presented below.
Our schematic diagrams portray genetic changes as allelic, simple point mutations (e.g., filled circles in Figs. 2, 3) for the sake of simplicity and to depict most clearly their fates. However, other types of modifications such as deletions and DNA insertions encoding in-frame epitope tags can also be employed. The various types of potential changes are all functionally equivalent with regard to mechanisms and efficiencies of pop-in, pop-out allele replacement (data provided below) and are thus conceptually equivalent to the point mutation examples.
Standard recombinant DNA methods are used to clone the target (homologous) region into the targeting vector either before or after mutagenesis. Similarly, established methods are used for PCR-based, in vitro mutagenesis. The Electronic Supplementary Material file contains additional details for the following:
1. Approach to subclone chromosomal DNA fragments that lack convenient restriction endonuclease (RE) sites. . In rare cases, the locus can have two wild-type or two modified alleles (see text for details). These can be identified by the presence or absence of RFLP in the diagnostic PCR products (top) or by RFLP analysis of PCR products amplified, simultaneously in one reaction, from both copies using primers inside the region of homology (bottom, primer pair 5-6). b Pop-out of the targeting vector leaves a single copy of the locus, which is confirmed by PCR using primers located outside the region of homology used for targeting (primer pair 1-4). The single copy can be either wild-type or modified and these can be distinguished by the presence or absence of the diagnostic RFLP 2. Approaches to create specific modifications by inverse PCR (Geiser et al. 2001 ). 3. Approaches to create specific modifications by recombinant PCR (Krawchuk and Wahls 1999; Heckman and Pease 2007; Bryksin and Matsumura 2010) . 4. Approach to create additional changes, such as RFLPs, to facilitate genotyping (Kan et al. 2011 ). 5. Approaches to reduce the frequency of off-target mutations during in vitro mutagenesis.
We used PCR-based approaches to engineer 39 different gene targeting vectors directed to 7 different loci (Table 1) . In every case, we obtained successfully PCR products and E. coli transformants with the desired changes, although for about half of the constructs we had to optimize conditions for PCR. We often included an engineered RFLP for diagnostic purposes (e.g., Fig. S1 of the Electronic Supplementary Material file) and DNA sequencing of RFLPbearing clones revealed two things. First, when a clone harbors a diagnostic RFLP, the sequences within that region are almost always correct (i.e., they match each of the base pair substitutions in PCR primers, not just those affecting the RFLP). Second, off-target mutations were fairly frequent (occurred in about half of clones) when we used proofreading-deficient polymerases, but were rare when we used polymerases with proofreading activity. These findings illustrate the value of including diagnostic RFLPs and of using a DNA polymerase that has proofreading activity, each of which reduces the number of candidate clones that must be sequenced.
Modification of the genomic target by pop-in homologous recombination
In order to promote homologous recombination, the gene targeting vector is digested with a RE that introduces a DSB within the region of homology. The DSB can be to the ''right'' (Fig. 2a) or ''left'' (not shown) of the modified region. The linearized vector is transformed into cells of genotype ura4-D18 and cells are plated on media lacking uracil. Since the targeting vector lacks an origin of replication (ARS), the generation of Ura ? transformants requires integration of the targeting vector into the genome. In the absence of homology to the ura4 locus, this can occur by homologous recombination at the target locus of interest or by non-homologous recombination elsewhere Grallert et al. 1993; Davidson et al. 2004 ). Successful gene targeting will produce a tandem duplication of the homologous region in the target genome, one wild-type and one harboring the engineered modification, flanking the ura4 ? cassette (Fig. 2b) .
To have highest confidence in the likelihood of successful pop-in, pop-out allele replacement, one can genotype Ura ? transformants to identify those with successful gene targeting (pop-in) . This is accomplished by PCR with appropriately configured primer pairs (Fig. 3a) . However, we show below that the genotyping of Ura transformants is not required to achieve successful allele replacement (see ''Development of a streamlined approach for rapid and precise allele replacement''; see also Fig. 1 ). One might also wish to confirm that the tandem duplication contains one wild-type and one modified allele (Fig. 3a) . This step of genotyping is also optional because it becomes relevant only in rare cases where the pop-out procedure fails to leave the desired modification in the genome (see below).
Data illustrating the efficiency of pop-in gene targeting are provided in Table 1 (which includes homology lengths in each vector). For 39 different gene targeting constructs directed to 7 different loci, we genotyped a total of 276 Ura ? transformants. We observed an average gene targeting efficiency of 83 % using constructs whose average length of homology flanking each side of the DSB was 993 bp. Notably, we obtained a high targeting efficiency (97 % mean) at the rec12 locus, which is known to be difficult to target using other approaches (Krawchuk and Wahls 1999) . We conclude that pop-in gene targeting by homologous recombination in fission yeast is efficient, relative to nonhomologous integration elsewhere, and that it can be used to introduce with precision a variety of specific changes (including point mutations, deletions and insertions) at genomic loci of interest. a Homology lengths are for regions to the left (L) and right (R) of the DSB used to promote recombination during transformation (Fig. 2a) . The efficiency is the fraction of stable Ura ? transformants arising from pop-in homologous recombination (H) with the desired genomic target, as opposed to non-homologous integration elsewhere in the genome (T, total genotyped). For targeting constructs with insertions, the inserted DNA is not included in the lengths of homology b Homology lengths flanking the desired modification are ordered relative to the schematic diagram in Fig. 2c, d , where excision by recombination to the ''left'' (L) leaves the modification in the genome and excision to the ''right'' (R) leaves the wild-type allele in the genome. The efficiency is the fraction of pop-out recombinants that leave the modified allele (M) in the genome, as opposed to leaving the wild-type allele in the genome (T, total genotyped). Homology lengths do not include the region modified (e.g., where 3 bp were substituted within a 5-bp stretch), so total lengths do not match precisely those reported for pop-in events c In these cases, we skipped genotyping of Ura ? transformants, picked 6-10 independent Ura ? colonies, sent them through pop-out protocols, and genotyped multiple FOA r derivatives of each clone d In this unusual case, the Ura ? transformant had a tandem duplication of the target locus flanking the ura4 ? cassette (desired structure), but after pop-out protocols never left a modified allele in the genome. We subsequently determined that both copies of the tandem integrant were wildtype. A different Ura ? transformant, with one wild-type and one modified allele in the tandem integrant, yielded the expected products (next line of table)
Excision of the targeting vector by pop-out homologous recombination Pop-in recombinants harbor a tandem duplication of the target locus, one wild-type and one modified, flanking the ura4 ? cassette (Fig. 2b) . Such tandem duplications are inherently unstable because recombination between the tandem repeats causes the vector to pop out of the genome (Fig. 2c, d ). Since the vector has no ARS it cannot replicate as a free episome and is lost during subsequent cell divisions. Thus, if one takes a Ura ? pop-in colony and grows it in the absence of selection for uracil prototrophy, then cells with pop-out recombination events can accumulate. Subsequent plating on media that contains FOA kills cells that are ura4
? and hence selects for cells that have lost the targeting vector due to pop-out recombination events.
Spontaneous mutations in ura4
? and ura5 ? can also confer resistance to FOA, which is a major problem for two-step allele replacement (Mudge et al. 2012 ), but the impact of spontaneous mutations on pop-in, pop-out allele replacement is negligible (data below).
Pop-out mediated by recombination to one side of the modified allele will leave the modified allele in the genome (Fig. 2c) , whereas pop-out recombination events to the other side will leave the wild-type allele in the chromosome (Fig. 2d) . Clones with the desired outcome (modified allele left in the chromosome) are identified easily using PCR and diagnostic RFLPs to genotype the target locus (Fig. 3b ). The PCR products are then sequenced to confirm the desired genotype and to identify potential off-target mutations.
Data illustrating the efficiency of pop-out excision of the targeting vector and frequencies of two alternative outcomes are provided in Table 1 . In each case, removal of selection for uracil prototrophy for a short period of time (typically one passage through 10 ml of liquid culture medium that contains uracil) led to the appearance of FOA r colonies upon subsequent plating. The frequency of FOA r colonies (approximately 0.1 % median value) was several orders of magnitude higher than that expected for spontaneous mutations. Furthermore, in 98 % of cases genotyped, each FOA r colony harbored only a single copy of the target locus (each clone had lost the tandem duplication and the intervening ura4
? cassette). The remaining FOA r clones (2 %) can be ascribed either to a failure of diagnostic PCR or to spontaneous mutations, so the frequency due to spontaneous mutations is B2 %. We conclude that pop-out excision by homologous recombination occurs efficiently in fission yeast and, unlike the case for two-step allele replacement procedures (Mudge et al. 2012) , is not confounded by FOA r colonies that arise from spontaneous mutations.
With one exception (described below), each of the 39 different tandem integrants produced pop-out clones of two distinct genotypes, with either a wild-type or modified allele left in the chromosome (Table 1) . This was expected from the experimental design and the two regions of homology within which pop-out recombination can occur (Fig. 2c, d ). The fraction of pop-out recombinants leaving a modified allele in the chromosome increased as the fractional length of ''productive'' homology was increased (Fig. 4) . This response was linear (slope = 0.95 ± 0.17) and the mean frequency with which the modified allele was left in the genome (41 %) was close to the predicted value (36 %) based on length ratios of homology. We conclude that pop-out excision of the gene targeting vector by homologous recombination occurs with precision and that the two alternative outcomes occur in proportion to lengths of homology within which recombination can occur (Fig. 4) . Thus, the success rate can be predicted accurately from homology length ratios and, correspondingly, this information can be used to optimize the design of targeting vectors.
We were intrigued by the behavior of one targeted modification, ctt1-DM26. We had confirmed the genomic structure of a Ura ? pop-in recombinant (tandem duplication flanking the ura4 ? cassette) by diagnostic PCR (as in Fig. 3a, top sets of primers) . Unexpectedly, after pop-out protocols, none of 38 FOA r colonies that we genotyped had a modified allele in the genome (Table 1 , footnote ''d''). Pop-out recombination had occurred in every case, because the tandem duplication collapsed to unit length and the Fig. 4 Success rates of precise allele replacement are proportional to length ratios of homology. For pop-out recombination events, the fraction of homology in which ''productive'' events occur [ Fig. 2c , (length a)/(total length)] is predicted to influence the frequency with which the modified allele is left in the genome. Plot shows the expected and observed efficiencies derived from data in Table 1 . Linear regression analysis confirmed the predicted correlation (slope = 0.95 ± 0.17; intercept = 7.7 ± 6.5; R 2 = 0.45; P \ 0.0001). Scatter of data points is attributable, at least in part, to low n for individual measurements ( ? cassette was ejected, but at the target locus each clone was wild-type.
We backed up one step and genotyped each copy of the tandem integrant and discovered that both copies were wild-type (Fig. 3a, bottom genotype) . Thus, at some point during transformation and pop-in homologous recombination, the modified ctt1-DM26 allele in the gene targeting vector had undergone gene conversion to wild-type. This makes sense, given that linear DNA transformed into fission yeast is often resected (Tatebayashi et al. 1994; Davidson et al. 2004) and that the position of the DSB used to linearize the targeting vector was close to (141 bp away from) the position of the ctt1-DM26 modification in that vector. Moreover, there is precedence for gene conversion of plasmid sequences during homologous recombination with chromosomal templates. For example, before it was superceded by PCR, gap repair was used to copy genomic DNA into replicating plasmid shuttle vectors to identify the DNA sequences of genomic mutations (Szankasi et al. 1988) .
Subsequently, we repeated pop-out protocols using a clone known to harbor both wild-type and modified (ctt1-DM26) alleles in the tandem integrant. As expected, we obtained pop-out recombinants with two distinct genotypes (single copy, either wild-type or modified) (Table 1) .
Together, these and other findings (above) indicate that lengths of homology in the gene targeting vector are important because they can influence the efficiency, fidelity and outcome of recombination events during both stages of pop-in, pop-out allele replacement. Within any given gene targeting fragment, three subregions of homology are delineated by the positions of the desired modification and the DSB used to promote recombination (a-c in Fig. 2a) . Published findings for one-step gene targeting (Krawchuk and Wahls 1999) and our results for pop-in, pop-out (Table 1 ; Fig. 4 ) suggest that each subregion should be at least 250 bp in length to maximize the likelihood of success. We emphasize that we have not systematically varied a, b and c lengths of homology for a single test allele/locus combination and that, in most of our gene targeting constructs, we used stretches of homology much longer than 250 bp (Table 1) .
Development of a streamlined approach for rapid and precise allele replacement With targeting vectors, lengths of homology and experimental approaches described in this study, the efficiency of successful pop-in gene targeting is high (83 % mean) (Table 1) . Pop-out recombination is easily accomplished and, among the selected FOA r colonies, its frequency and precision approach unity (C98 %). The frequency with which the desired modification is left in the genome is high (41 % mean) (Table 1 ) and, for individual constructs, can be predicted from homology length ratios (Fig. 4) . Based on these findings and probability theory, we reasoned that one could avoid the time and expense of genotyping primary transformants and still achieve precise allele replacement.
For example, if successful gene targeting (pop-in) at a given locus occurs with 50 % efficiency and one picks seven independent Ura ? transformants, then there would be an approximately 99 % probability [P = 1-(0.5) 7 ] that at least one clone harbors the desired tandem duplication. Such clones can immediately (without genotyping) be subjected to pop-out procedures and, within about a week, a few FOA r derivatives from each parental clone can be genotyped by PCR (or colony PCR) for unambiguous, diagnostic changes in the genome (Fig. 3b) . Hypothetically, this lottery has a favorable rate of return.
We tested this hypothesis for nine distinct allele replacement constructs targeted to the ade6 ? locus (Table 1 , footnote ''c''). Wild-type cells form white colonies on media with limiting amounts of adenine, whereas ade6 mutants have a red colony phenotype that is easily scored (Gutz et al. 1974) . For each gene targeting construct, we picked between six and ten Ura ? transformants (white on limiting adenine), sent them through pop-out protocols, and for each transformant we analyzed multiple FOA r derivatives. For each gene targeting construct, between 40 % (4/10) and 83 % (5/6) of the independent Ura ? isolates were capable of producing at high frequency FOA r colonies of alternative colors (red or white) on media with limiting adenine. Subsequently, DNA sequencing revealed that the red colony phenotype was due to the planned genetic modifications at ade6 (desired outcome).
We conclude that pop-in, pop-out allele replacement can be achieved rapidly and efficiently without any requisite genotyping of pop-in candidates. In short, we developed and validated (with nine independent experiments) a streamlined approach for rapid and precise allele replacement that involves only one round each of transformation and genotyping (Fig. 1) . Success was achieved in all nine attempts (zero failures) and, among each pool of FOA r colonies, the frequency of precise allele replacement was high (range of 24-58 %) ( Table 1) . Obviating the need to genotype primary transformants correspondingly reduces the time, effort, and expense of precise allele replacement.
If one uses the streamlined approach and fails to obtain precise allele replacements, the loss is nominal and the solution is simple (Fig. 1, diagnostics) . Back up one step and genotype the Ura ? transformants to determine if any of them (A) harbor a tandem duplication of the target flanking the ura4
? cassette, and (B) contain one wild-type and one modified allele (Figs. 2b, 3a) . Such diagnostics will reveal if the problem lies in the pop-in step or the pop-out step and will, additionally, suggest potential solutions (e.g., to check the design and integrity of the gene targeting vector or to genotype more candidate colonies).
Development of a process for locus-specific, saturating mutagenesis in situ (targeted forward genetics) Classical, forward genetic screens are based on the assumptions that mutations (spontaneous or induced) are distributed in a stochastic or nearly stochastic fashion throughout the genome and that one can screen enough clones to ensure, statistically, a high probability of interrogating mutations that fall within the element(s) of interest. The number of mutants required to saturate a screen at the level of individual base pairs is several orders of magnitudes higher than the number required to saturate at the level of genes. Consequently, high resolution saturating mutagenesis of discrete elements is not practical and the best surrogate approach involves episomal (artificial) systems [e.g., plasmid shuffle (Paluh and Clayton 1996; Kiely et al. 2000) ]. If it were possible to sprinkle mutations specifically within discrete loci and not to other sites in the genome, then saturating mutagenesis of specific elements in situ would become far more efficient (*10,000-fold, depending on size of target element relative to genome size). This would make it possible to carry out high resolution analyses of the structure and function of discrete chromosomal elements (and encoded factors) within their normal, physiologically relevant context.
Our results revealed that the pop-in, pop-out approach can be applied in population scale to an individual target locus, without genotyping, to identify clones with an altered phenotype (preceding section). It can therefore be used for saturating genetic screens targeted precisely to discrete chromosomal elements in situ. Details on efficiency and specificity are provided below and in the Electronic Supplementary Material file.
At the stage of transformation, Ura ? colonies can arise by pop-in homologous recombination at the correct target (observed mean of 83 %) or by non-homologous integration elsewhere (Table 1) . However, only the correctly targeted integrations contain tandem repeats that can undergo pop-out homologous recombination to produce at high frequency FOA r colonies (C50-fold observed difference, relative to spontaneous mutations in the ura4
? cassette or elsewhere). Thus, starting with a population of Ura transformants that are mixed for homologous (pop-in) and nonhomologous integrations of the ura4
? cassette, the subsequent selection for resistance to FOA provides a powerful enrichment for clones derived from the pop-in (desired) class of transformants (see Table S1 and section ''E'' of the Electronic Supplementary Material file).
In the population approach, the vast majority of FOA r clones arise from pop-in, pop-out recombination at the correct target locus, even if the initial gene targeting (popin) efficiency is low (Table S1 ). Consequently, specific chromosomal elements can be efficiently targeted for saturating mutagenesis by pop-in, pop-out-with very low background of off-target events (high specificity).
In principle, such precisely targeted, locus-specific, in situ mutation screens of essential or non-essential genes (or other chromosomal elements) can be carried to saturation. Implementation is, however, subject to probability theory for pop-in, pop-out allele replacement. Our results revealed that the positions of de novo mutations in the targeting vector and ratio lengths of homology (a-c in Fig. 2a ) will influence the frequency with which a given mutation is left in the genome (Fig. 4) . Gene conversion near DSBs during pop-in recombination also comes into play ( Fig. 3a ; Table 1 , footnote ''d''). We therefore recommend that the transforming DNA be linearized in two batches, each with a RE cut site in a different location. Experimental evidence-based modeling revealed that this approach will produce a nearly uniform frequency distribution of mutations, spanning the chromosomal element of interest, in the population of pop-out (FOA r ) colonies ( Fig. 5 ; for additional details see section ''E'' of the Electronic Supplementary Material file). Plot displays calculated frequency distribution of mutations left in the genome after pop-in, pop-out recombination (sum of mutations introduced using DSB1 and DSB2 in separate batches). Plot assumes that (1) population size is infinite; (2) mutations are randomly distributed in the gene targeting vector (region of homology); and (3) all mutations at a DSB are lost to gene conversion, with the effect diminishing over distance from DSB in the ''DSB zone'' (shaded). Recombination events initiating from DSB2 compensate partially for conversion (loss) of mutations near DSB1 and vice versa. Thus, by linearizing the gene targeting vector in two batches (DSB1 and DSB2), one can generate and recover genomic mutations spanning the element of interest, including within the zones of gene conversion
The ability to produce a nearly uniform frequency distribution of mutations within the chromosomal element of interest minimizes the number of clones that must be screened to achieve saturation.
Discussion
Precise allele replacement introduces the desired modifications, and only the desired modifications, at the target locus of interest. We developed and validated a streamlined pop-in, pop-out approach for rapid and precise allele replacement that requires only one round each of transformation and genotyping (Fig. 1) . This approach has several advantages over widely used two-step methods. First, it cuts in half the number of targeting vectors that must be constructed for a given modification. Second, half as many transformations are required. Third, half as many successful gene targeting events are required 1 . Fourth, one can dispense with genotyping of primary transformants. Fifth, far fewer FOA r colonies must be genotyped because pop-out is frequent and precise, which essentially eliminates false positives due to spontaneous mutations in ura4 ? and ura5
? . Each of these advantages is accompanied by savings in time and cost.
We documented that the approach can be used to generate a wide variety of genomic modifications, such as clean deletions, insertions encoding in-frame epitope fusions, mutations that substitute specific amino acids in expressed proteins, and changes that affect the structure and function of RNAs (Table 1) . It is therefore of broad utility for diverse applications of reverse genetics. It also provides a powerful, novel tool for precisely targeted forward genetics (below).
For broader perspective, recombinase-mediated cassette exchange (RMCE) (Thomson and Ow 2006; Watson et al. 2008 ) and PCR vectorette-based (VB) gene targeting (Bähler et al. 1998; Krawchuk and Wahls 1999) were developed, in large part, to bypass the high effort and low efficiency of two-step allele replacement. However, RMCE and VB gene targeting do not support precise allele replacement because each involves off-target changes (e.g., ectopic placement of cassettes; or co-integration of dominant selectable markers and, in many cases, heterologous promoters or 3 0 regulatory elements). Such off-target changes can have confounding effects (e.g., due to inappropriate expression of a modified protein under study). In addition, RMCE and VB methods are of limited (VB) or no (RCME) utility for recursive gene targeting to modify multiple loci in the same strain. In contrast, pop-in, pop-out allele replacement involves no off-target changes and can be carried out recursively in the same strain. In essence, streamlined pop-in, pop-out (Figs. 1, 2 ) matches the precision of two-step allele replacement and the efficiencies of RMCE and VB gene targeting, but without the shortcomings of those three other approaches.
We also report that pop-in, pop-out allele replacement can be carried out in population scale (Table 1 , footnote ''c'') to sprinkle mutations into the target element of interest (Fig. 5) . It can therefore be used for precisely targeted, saturating mutation screens of discrete chromosomal elements in situ. This ''targeted forward genetics'' can be applied to diverse chromosomal elements, including protein coding genes and regulatory DNA elements.
Even essential genes can be targeted for pop-in using haploid cells because a wild-type copy in the tandem duplication will typically complement the modified version. The homologous region of the targeting vector can be sprinkled with mutations at an average density of a few (ideally, one) mutations per DNA molecule. The resulting population of targeting vector can be used for pop-in, popout protocols and then FOA r colonies can be screened for phenotypes such as conditional lethality. This approach is similar to plasmid shuffle approaches [e.g., (Paluh and Clayton 1996; Kiely et al. 2000) ] and involves a similar amount of effort, but has the added benefit of physiologically relevant context. The mutations will be expressed from the endogenous chromosomal locus (single copy), under control of native regulatory sequences, without any heterologous sequences such as selectable markers.
Regulatory DNA sequence motifs function within a chromosomal context and some motifs, such as those that activate meiotic recombination hotspots, can only be studied in the chromosome (Schuchert et al. 1991; Steiner et al. 2009; Steiner et al. 2011) . Population scale, precisely targeted, in situ mutagenesis using a stretch of randomized base pairs can be used to discover candidate regulatory motifs (gain-of-function approach). Such gain-of-function screens have been validated using the more laborious twostep allele replacement method and an episomal reporter construct (Steiner et al. 2009 ). Reciprocally, to test and define at single base pair resolution the functionality of a candidate motif in the genome, the population of targeting vector can be engineered to contain each single base pair substitution spanning the region of interest (loss-of-function approach). This essentially recapitulates, but with defined substitutions in a more narrow region, the targeted forward genetics described above for genes.
In conclusion, pop-in, pop-out homologous recombination provides a straightforward (Figs. 1, 2 ) and efficient (Table 1 ) method for precise allele replacement in fission yeast. It is a powerful approach for reverse genetic analyses of specific chromosomal features within their native, physiologically relevant context-unencumbered by any other off-target changes and heterologies. It is, to our knowledge, also the first practical approach for precisely targeted, saturating, forward genetic screens of specific genomic elements in situ (Fig. 5) .
